Magnetic and specic heat data of the TmRhX (X = Ga, Ge) compounds are reported. These compounds crystallize in an orthorhombic crystal structure of the TiNiSi-type (space group P nma). Magnetic data indicate that the compounds are antiferromagnets with the Néel temperature TN equal to 3.9 K for TmRhGa and 6.0 K for TmRhGe. Magnetic susceptibility of TmRhGe has an additional peak at Tt = 10.6 K. In TmRhGe temperature dependence of χ (T ), the positions of both the peaks at TN and Tt change with frequency indicating a relaxation process. These data suggest that with the decreasing temperature, rst a cluster glass state and next the long-range aniferromagnetic order exists.
Introduction
This paper is a part of systematic studies of magnetic properties of ternary compounds containing the rare--earth (R) elements, transition metals (T) and p-electron elements (X). In the RTX systems several hundreds of ternary compounds having dierent composition are observed [1] . In the last years investigations concentrate on phases with 1:1:1 stoichiometry. The magnetic properties of RTX compounds with R = GdEr are well known while there is still some lack of knowledge about those containing Tm [2, 3] .
The TmRhX (X = Ga, Ge) compounds investigated in this work crystallize in the orthorhombic TiNiSi-type crystal structure [4, 5] . Our previous magnetic and neutron diraction data have shown that both the compounds are antiferromagnets below T N equal to 3.9 K and 6.2 K for TmRhGa and TmRhGe, respectively [6, 7] . In purpose to understand more deeply magnetic properties of these compounds the AC and DC magnetic as well as specic heat measurements have been performed.
Experimental and results
Both the polycrystalline samples were synthesized by arc melting under argon atmosphere. High purity component elements were used in the stoichiometric ratio 1:1:1. In order to obtain a homogeneous material, the samples were annealed at 800
• C for 1 week. The samples were examined by X-ray powder diraction performed at room temperature on a Philips PW--3710 X'PERT diractometer using Cu K α radiation.
The DC magnetic measurements were carried out using a vibrating sample magnetometer (VSM) option of the * corresponding author; e-mail: andrzej.szytula@uj.edu.pl Quantum Design PPMS platform. Magnetic susceptibility was measured over temperature interval 1.9350 K in order to determine phase transition temperatures, eective magnetic moment µ eff and paramagnetic Curie temperature θ p . Magnetization curves were measured up to 90 kOe (9 T) at 1.9 K in purpose to determine magnetic moment in the ordered state.
The AC magnetic susceptibility χ AC = χ − i χ (where χ is the real and χ the imaginary component) was measured at several chosen frequencies between 50 Hz and 5 kHz in the temperature range 1.920 K with the use of an AC magnetic susceptibility (ACMS) option of the Quantum Design PPMS platform.
The heat capacity measurements were carried out by a two-tau relaxation method in the temperature range 1.9 17 K using a heat capacity option (HC) of the Quantum Design PPMS platform.
The analysis of X-ray data obtained at room temperature indicates that the investigated compounds have an orthorhombic crystal structure of the NiTiSi-type with the lattice parameters being in good agreement with previously reported values [4, 5] .
The temperature dependences of DC magnetic susceptibilities measured at H = 1 kOe (see Fig. 1 ) obey the CurieWeiss law with positive values of paramagnetic Curie temperatures and eective magnetic moments being close to the free Tm 3+ ion value (7.56 µ B ). At low temperatures a maximum at 3.9 K is observed in TmRhGa. For TmRhGe both the zero eld cooling (ZFC) and eld cooling (FC) curves have a maximum at 6 K typical of phase transition from an antiferro-to a paramagnetic state. This result is in a good agreement with the previously reported data (6.64 K) [7] . Below 10.6 K a dierence between ZFC and FC curves is observed.
The magnetization vs. magnetic eld curves (see lower insets in Fig. 1 ) have a metamagnetic character with criti- (1) kOe for TmRhGe. The magnetization curves do not saturate at magnetic eld of 90 kOe and T = 1.9 K. The values of Tm magnetic moments at T = 1.9 K and H = 90 kOe are clearly smaller than the free Tm 3+ ion value (7.0 µ B ) (see Table) . Temperature dependences of the real χ and imaginary χ component of AC magnetic susceptibility for both the investigated compounds are shown in Fig. 2 .
In TmRhGa the real component χ has a frequency independent maximum at 3.9 K while the temperature of maximum of imaginary component slightly increases from 2.7 K to 2.9 K with increasing frequency. In case of TmRhGe two maxima in χ (T ) and χ (T ) temperature dependence are observed. In χ (T ) these almost temperature independent maxima appear at T 1 = 6.2(1) K, while the second, at T 2 , increases from 10.64 to 10.84 K when frequency increases from 50 Hz to 5 kHz, respectively. This dependence is described by a semi-empirical dimensionless parameter
.
The value K equal to 0.0094 is typical for metallic spin--glass system [8] . In contrary, the maxima in χ (T ) depend strongly on frequency in TmRhGe. The temperature T 1 of the rst maximum increases from 5.3(1) K for f = 50 Hz to 7.9(1) K for f = 5 kHz while the temperature T 2 of the second maximum shifts from 8.7(1) K for f = 50 Hz to 10.9(1) K for f = 5 kHz. The frequency dependence of T 1 and T 2 points to the slow relaxation of the spin system and suggests strong magnetocrystalline anisotropy. The relation of Ti has been analyzed by the Arrhenius equation
where τ 0 is a characteristic microscopic time and E a is an activation energy, yielding the following values: τ 0 = 10 −8 s and E a = 103.5 K (6.45 meV) for T 1 and τ 0 = 10 −12 s and E a = 287.0 K (17.9 meV) for T 2 . Figure 3 shows the specic heat versus temperature plots for both compounds at low temperatures. The prominent λ-like peaks at 3.7 K for TmRhGa and 5.75 K for TmRhGe, indicative of a long-range magnetic order, are present. In TmRhGe additional anomaly at 2.2 K is observed, while no extra anomalies were found for TmRhGa below T N . The specic heat measurement on TmRhGe did not show any observable anomaly around 10.6 K, like it was the case for TbAuIn [9] showing also cluster-glass state above the long-range ordering transition.
TABLE
Magnetic properties of TmRhX (X = Ga, Ge): the Néel temperature (TN), the transition temperature (Tt), the paramagnetic Curie temperature (θp), the eective magnetic moment (µ eff ), the magnetic moment (µ) at H = 90 kOe and T = 1.9 K, and the critical magnetic eld (Hcr). Theoretical value for a free Tm 3+ ion is 7.56 µB (µ eff ) and 7.0 µB (µ). Experimental methods: DC, AC magnetic and hc heat capacity measurements.
Compound
Method The results presented in this work, in particular the AC magnetic data, indicate complex magnetic properties in investigated TmTX compounds.
In TmRhGa all the data (AC-and DC-magnetic as well as specic heat) indicate existence of a long-range magnetic order below 3.9 K. The long-range magnetic order was also detected by neutron diraction [6] . Temperature dependence of χ gives additional anomaly at 2.7 K. The lack of neutron diraction between 1.5 K and paramagnetic state [7] prevents from determining the nature of the latter anomaly.
In TmRhGe the χ DC (FC) temperature dependence has only one distinct anomaly at 6 K while ZFC data show two anomalies: at 6 and 10.64 K (see Fig. 1 ) the neutron diraction data indicate existence of magnetic order below 6 K [7] . These data are similar to those observed in TbAuIn [9] and in the isostructural RIrSi (R = Tb, Dy, Ho) compounds [10] . The dierence between ZFC and FC curves above T N is due to a short-range magnetic order. Two anomalies in χ (T ) and χ (T ) curves are observed at 6.0 and 10.6 K. These temperatures have been found to be frequency dependent. Such a behavior is typical for relaxation process. The Arrhenius equation applied to the relation between frequency and temperatures for both maxima provides two sets of τ 0 and E a parameters, where activation energy for the transition at T 2 is three times larger than that for the transition at T 1 . Thus, one may conclude from the AC and DC measurements that with decreasing temperature a metallic spin glass cluster formation process begins at T 2 (= T t ) followed by a long-range magnetic order appearing at
Positive values of the paramagnetic Curie temperature observed in both compounds are typical for the layered structures in which the strong ferro-coupling is in plane and antiferro-between the planes. Investigated compounds crystallize in orthorhombic TiNiSi-type structure. The structure can be displayed as an array of layers (at y = 1/4 and 3/4) piled up along the b-axis direction. Such structure may cause magnetocrystalline anisotropy, which in turn inuences relaxation properties.
The neutron diraction data indicate that in both the compounds the Tm magnetic moments close to the free Tm 3+ ion value (7.0 µ B ) form a sine-wave modulated structure at zero applied magnetic eld. The structure is described by the propagation vector k = (0, k y , 0) with k y equal to 0.4222(3) in TmRhGa [6] and 0.5 in TmRhGe [7] .
In contrary, the values of Tm moments determined from magnetization data at H = 90 kOe are smaller than those found from diraction measurements indicating complex magnetic structures after metamagnetic transition.
The smaller value of the Néel temperature for TmRhGa than for TmRhGe means that magnetic interactions are inuenced by interatomic distances.
In summary, this work reports magnetic macroscopic properties and heat capacity of TmRhX (X = Ga, Ge). Especially interesting results have been found for TmRhGe where the dierence between ZFC and FC DC magnetic susceptibility curves suggests strong domain wall pinning. Taking into account also the AC magnetic data reveals complex magnetic properties: with decrease of temperature cluster spin glass formation process is observed followed by a transition to long-range magnetically ordered state at lower temperatures.
